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I. SUMMATY 


4 foan” type combustion chaeber wae designed using 
all availiable proved coneepta. A survey of exieting do- 
signa waa wade to arrive at a logieal design point. The 
fact that parallel flow would exist within the chamber was 
noted, end tho burner waa designed to obtain the required 
flow with an equal pressure drop acress all the parallel 
paths. The holes for introdwoing the air into the burner 
basket were placed in euch a manner that the total area in- 
to the burner basket, plotted against distance downstrese, 
fell on an are of a 21616. This made tie design follow 
several proved concepts automatically. 

The performanes wae calculated end compared witk ex- 
isting designs. The comparison was quite favorable, with 
the exception of combustion efficiency, “inee the empir- 
ieal equation for combustion efficiency wee obtained from 
testa under slightly different conditiones then the design 
point, doubt exists ae to the validity of Lhe values ob- 
tained by its use, 
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If. INTRODUCTION 


üany combustion chambers for turbo-jet engines have 
been built ed tested; however, they all fall into one of 
two classifications, The most common typo ie the tube er 
"gan" combustion chamber. The other is tbe annular type. 

The *ean* type of combustion chamber, as ite name 
implies, is a metal cylinder or oan with am inner liner or 
"basket" which separates the alr inte two parts. The early 
turbo» jet engines designed by Air Commodore F., Thittle of 
Great Britain used "can" eoebustion chambera of the "return 
flow" type. in thie type of chamber, the air passes over 
the entire length of the combustion cone before entering to 
be mixed with the fuel and burned. Thus the air is pre- 
heated by what would otherwise be waste beat. This advan~ 
tage lo more than overcome by the disadvantage of a high 
pressure loss, The more —— type combustion cham- 
bere are of the "straight tirough” variety, l.t., tere are 
no turme encountered within the chamber itself, 

The amular type of sonbustion ehanber has the dis- 
tinet advantage of offering leso frontal erea for a given 
capacity than a battery of “cans” of equal capacity. ۵ 
annular combustion ebamber bag the disadvantage of having 
to be tested in its entirety, while one "can" of & multi-can 
battery can be tested. Pork is being done st "estinghouge 
in testing a small segment of an annolar chamber and using 


the results to predict tho performence of the complete unit. 





a araia miS cma mied war To Adam بیط‎ 

- qu tome qu mt به بعد وله یم مور عم سم‎ 
۱ سم موس‎ oe DE re openan Abm Aue e oe 
AR یج سے‎ E A پ دم سم‎ 
BELL م په سسب سل‎ men 
1 RE TREU e oae 

وسن لب لس ټسټ !ہے 


h 662 ui Teen men me ھ٢‎ 

u a u) de UnbseYs ecl gab eite ۱ ee ,دس‎ 
sut ¿elas Lew "نين" يذ‎ TA ie « ېس‎ NT 
ند نع 6 فعهنص‎ abit di ملو غاه‎ ee e See هد اهر‎ 











L dE E NI MUULISM IM 
augen بے مهم چیه دد‎ 490 — "Fr t9 a rastro 
ambeb Gee رحا ا حه حسسانع- متسو‎ Lbs o pipni لد‎ 


"IUOS el M H ED ته‎ ala ta! 


Io 


Ko results have been zublished, but it ie expected that this 
method of testing wili prove satisfactory. 

Sinee the "c&n" type combustion chamber ig more 
easily built and the testing procedures for the chamber ure 
more nearly standardized, it wae decided to base the analyt- 
ical design on this type of combustion chamber. 
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lil. PERIODS OF INVESTICATICN 


"Cut and try" has been tbe method employed in the 
past in designing combustion ehasbers for turbo-jet enginos. 
This is a long and costly process, und iuek plays a consider- 
able part in obtaining resulte. It is the purpose of thie 
inveetigaticn to design a conbustion chamber using analytical 
methods. Froved concepts will be used where they are avall- 
able. It fo hoped that this procedure wili produce a satis- 
factory ehasber with littie or no alteration necessary. 
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LV. PROBLANS lM VOLVED 
CF A GUMSU STI CHANSLR 

The funetion of a turbo-jet combustion chamber ig to 
heat the air from the compressor to the temperature required 
at the entranos to the turbine. This temperature fis usually 
taken to be 1500? F, this being the maximum temperature at 
whieh present day turbine w:esls can operate, Suffletent 
fuel to achieve this temperature rives a fuel-air ratio far 
too lean for setiefactory combustion. Therefore, the air is 
divided into primery eir and secondary air, the primary air 
being Just sufficient to produce a stolehiometric fuel-air 
mixture with the required fuel and the secondary air being 
introduced to cool the produets ef combustion before reach- 
ing the turbine, 

The primary «kir must be introduced into the combus- 
tion chamber with enough turbulence to insure good mixing 
with the fuel. This turbulence also speeda the burning end 
gives à stable flame, 

the secondary air must be brought ín with enough 
large-seale turbulence to complete tbe burning and te mix 
thoroughly with the produeta of combustion., Any etratifica- 
tion due to incomplete mixing will resuit in layers of air 
at temperatures higher than the allowable reaching the tur- 
bine. Hot spots will be caused, and a failure of the setal 
may ۰ 

High turbulence amd a long combtetion chamber tend to 


Give nore complete burning and better mixing of sesondary 
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air and combustion products. Unfortunately, these charac- 
teristics aré not compatibie with an efficient design. High 
turbulenee produces high pressure losses through the combua- 
tion chamber, Since ecoupreseor efficiencies and pressure 
ratios are critieal, the additional pressure losa which re~- 
culta fros high turbulence must be avoided. Therefore, just 
enough turbulence to vonpiste the aixing should be used. 
Anything in excess of thie, while insurance against turbine 
bot spots, cuts down tho combustion chamber efiicionoy. 

Sinee turbo-jet engines are used on alrplanes, Space 
and weight are ata premium. This precludes the use of an 
excessively long combustion chamber To complete the mixing. 
Lengthe of three to four diameters are current practice, 

The rate at whieh the secondary air is mixed with 
the eombustion procuets is of great impertance. Too such 
air introduced too soon may chill the flame front suffi- 
ciently to prevent the combustion reaction from going to 
completion. This, of souras, would reduce the combustion 
efficiency. “eferenes 1 states that the first secondary air 
ehould net be introdvoed nearer than six to eight inches 
downstream from the fuel nozzle. 

Experiments condueted at the California institute of 
Technology show that the shape of the bolee used to let the 
air through the inner liner hea an effect on the preseure 
drop through these holes and also an effect on the mixing of 
the alr with the oombustion products. Figures l and & show 
the effects of shape on mixing. 4 thin slot parallel to the 
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flow gives the best mixing, a square or cirewlar hole next 
best, and a slot perpendicular to the flow the worst. 

Tho square hole and the slot are undesirable, however, 
because high stress concentrations would be produced at the 
sharp corners. 

the round hole bhas found almost universal acceptance, 
ihe use of a beil mouth on these holes reduces the pressure 
drop across the holss by nearly thirty per cent without af- 
footing the mixing. 

These experiments aiso showed that arranging the 
holes in lines vith one hole directly downstream from the 
other gave the greatest amount of turbulence for a given 
preasure drop. 

Sinee thers are no facilities available for testing 
the altitude performance of a cowvustion chamber, RO attempt 
will be made to take thie requirement into consideration, 
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V. SELECTION OF THE DESION POINT 


In order to arrive at a suitable design point, a mur- 
wey of several current model turbo- jet engines ras made. 
Table I liste the design factors for the combustion chambers 
of these engines. 

The "loading factor” or "combustion intensity factor," 
as it is sometimes called, is a parameter originated by the 
British for comparing different combustion chambers. It is 
defined as follows: 


j œ : 
where q = heat input in Btu/hr 


P 2 pressure inside chasder in atecapheres 


V ۶ volume avallable for combustion inside basket in 
ft 


I x loading factor in Stu/hr-ft"-ata. 

The heat input is computed by multiplying the fuel 
flow rate in pounds per hour by the lower heating value of 
the fuel. The volume available for combustion inside the 
basket is taken from the fuel injection nozzle to the ture 
bine entrance, 

it ean readily be seen that the combustion intensity 
factor ia a good indication of the conditions under whieh 
combustion takes place. For instanos, for à given heat in- 
put, the larger the volume available for combustion, the 
greater will be the amount of air available to absorb the 


heat released and, consequently, the lower is the intensity 
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factor. Again, for a given heat input and a given volume 
avallable for eombustion, the lower the pressure, the 
smaller will be the mase of air and the higher is the tempor- 
ature rise from combustion; hence, the combustion intensity 
factor will be higher. 


sable 1, Cealg Faetors for Combustion Chambers of Current 
kodel Turbo-Jet ingines. * 


capitis ut dicen ae 











Engine N T. á D AP ub. 
76-180 (3.35) 8 WO 3.1x 10% 7.5 3.38 4.80 
1-60 (3-33) 14 — 130 46 x 10° 8.5 2.80 4.80 
Hene 9 80 2.0 x 10 10.0 £.00 2.70 
Derwert V 9 80 2.0 x 19$ 10.0 2.60 3.20 
Goblin 11 16 100 2.6x 10% 60 3.80 4.50 
غو‎ annular -  9.0x106 ےہ‎ -~ m 
9.58 Aanmaker - 0.0% 106 « » = 








۷ 1 Loading faetor or combustion intensity factor, Stu 
per hour per cubíe foot per ateosohore, based on 
total volume available for goubustion and mixing. 

No» KRueber of combustion chambers. 
1 «+ Length in inohes from fuel nozzle to endi of basket. 
L - Length in inches from fuel nozzie to turbine entrance. 


V~ Reference velocity in fest per second, computed using 
maximum cross-sectional area of combustion chamber. 


Lilameter of basket i5 inohét,‏ = رز 


The British have tried to correlate this combustion 


intensity factor witb combuation losses. ‘hile no glose 
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correlation exiets betseen different combustion chaxbers, 
curves of individual chambers shew that combustion losses 
inorease rapidly with inereasing eosbustlon intensity factor. 
Á typical 0-۳ of oosbustion losses vs. Combustion intensity 
factor is presented in Figure 3 for the Lucas B-37 chamber. 
However, these losses may be inordinately high sinee, at sea 
level, vaives of combustion intensity factor as high as 

9 x 10% are possible with a combustion officlenoy of 95 per 
cent (Ref. 2), 

The references velocity, Yr, is another Eritish para- 
meter. It is used to get a rough eheck on tho total losses 
through the combustion ehamber, Feferenos 3 ahoss that in- 
dividual combustion chambera have a pressure loes of from 
20 to 30 times the velecity head computed for tbe reference 
velocity. Thue it ean be seen that a low value of roference 
velocity should be used in designing a combustion chamber. 

Some of the design conditions were dictated by the 
air seurce which would be avallable to test the combustion 
chamber when built. This souros is from the second stage of 
an Allison ۷۳1720 gapercharger and ise shout three pounds per 
seecnd at 1.6 atmospheres end 200% F, 

Ae & result of this survey and from consideration cf 
the air source available for testing, the following design 
point was selected: 

Altitude ® sea level 

w * 3 1b/aeo 
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1,6 atmospheres 
200% F or 660? n 
15099 F or 19609 " 
100 ft/sec 
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between 3 end 4 
between 2 and 3. 
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VI, DESIOR PRSOCBUTRE «KD CALCULATIONS 
gexlasus Ligseter of combustion Charper 


Ver = pla) 
where v. * reference velocity in ft/sec 
p 9 reference Kach number 
. یغ‎ * speed of soun in ft/sec * 7 
where T¿y 9" temperature in CR at entranos to 
sonbustion chaaber 


where z density of air in lb/ft? 
fue * density of air in lh/ft? at standard conditions 
Faz 3 total pressure in 1b/ft® et entrance to combustion 
chamber 
Pee * atmospherie pressure in 1d/ft® a: standard 
conditions 


Tao * temperature in On at standard conditions 
s .07651 x 255Q x 
à ورون‎ 8 
= „0965 lb/ft? 
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where A * area of combustion chamber in ft? 
v = eir flow in lb/sec 
i = 





s .29 fi? 
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where Dig, * maximum diaeeter of combustion chamber in ft 


“ir 


= „si ft 2 7.23 in 


fuek Deguired 


payo 2 * Sps 
2 
where Go, ye * average specific heat at constant pressure 

in Btu/ib air - 95 

Cog * specific heat al constant pressure in 
Btu/lb air -?H at entrance to combustion 
chamber 

Cpg * specifile heat at constant pressure in Sta/ib 
air - Of at exit from combustion chamber 


rave * a GOS - 4221 


2 


= 2565 Btu/ib alr ې‎ 8 
و‎ * Greve (Tor - TaT) 


where و‎ ¥ hest required in Btu/ib air 


Ter = total tenperature at combustion chamber exit in 
on 
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q * .256(1960 - 660) 
a 343 Dtu/lb sir 


where wr = fuel required in 1b/sec 
L.H. V. * lower heating value of fuel in Stu/lb 


Be > 
f£* 25 xD 


= .056 lb fuel/sec 


frieary Air Sequired 


in order to obtain sufficient combustion in the 
primary tone, there should he a stelchiometric cixture of 
fuel and sir in this zone. Thus, the fueleair ratio must 
be .O67. 


es "I 
. 967 
where w > weight of primary air required in lb/sec 


v * 4926 


* ,85 1b/sec 





vs 5 
Fi 
where ¥ 2 volume available for combustion in ft? 


q * heat input in Btu/br 
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fe pressure insldo chamber in atmosjherea 
I x combuetion intenelty factor in Dtu/hr-ft--ata 


ve a = E a 
۰6 * 8 xX 1 


. 29 ft? 





Gonficuration of Burner Basket 


ás shown in Figure 4, the burner is aads up of three 
eections---hemisphere or dome, cylinder, and tail cone. 


Thea, 
Vr Vu + Yo + Veo 
` where Vr 2 total volume in ft? z .29 ft? 
Vg = volume of hemisphere in ft^ 
Vs = volume of cylinder in ft? 
٣جج ٭‎ volume of tail oone in ft^ 
Then, 


اد و + لو + كدج + من "E‏ 


mero Dx diameter of cylinder in ft 
â * smaller diameter of tail some in ft 
i. * length of eylinder in ft 


h ® length of tell cone in ft 


Agseuming that D E 6 in = 1/2 ft, 6 * 4 in ® 1/3 ft, 
and h e 5 in = 5/12 ft: 


.29 = ¿TER le * 2862 + &. (2785 + s788 + | 785 × 85ء‎ 
4 8 36۱ 4 $ 4 9 
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Solving for lc, 
lg * 1.02 ft * 12.25 in 
Then, 
1 * 10 + 8 
where 1 © length from fuel nozzle to downstream end 
of cylinder in inches 
2.25 = length from fuel nozzle to upstream end of 
cylinder in inches 
1212.25 « 2,25 e 14.5 in 
Also, 
ظا ¢ 1 2 با‎ 
where L s length from fuel nozzle to end of tail cone 
in inches 
u = 16.5 + 5 s 19,5 in 
Then, 


= = 2.42 and & . 3.25 


Since the values of 1/D and L/D are between the de- 
sired values of 2 and 2 and 2 to 4 respectively, the dimen- 
sions of the burner basket were selected as assumed and 
calculated in the foregoing proeedure and may be summarized 
as follows: 

D s 6 in lg = 12,25 in 

d z 4 in ] 2 14,5 in 

h= 5 in L s 19.5 in 
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ilesign of irimary sone 


The problem of introducing the primary air with the 
proper turbulence is the xoet important single factor in 
the design of a combustion chamber, acecrding to 4. Je Nered 
(Ref, 4). When done properly, « smooth, continuous ignition 
proeess occurs in the dome end of the combustion chosber. 

Best results have been obtained when everything 
possible hag been done to produce a strong reverse flow in 
the primary zone. Thies reverse or "back-flom" produces an 
*ignition eddy" or "tore," as it ia referred to in Nerad'e 
paper. | 

To establish the axistenee of this "tore" beyond any 
doubt, varlous testo have been carried out with pressure 
probes, along with other tests such aese injecting tbe fuel 
into the first ring of holes instead of at ihe nozzle. 
These teats nave proved that the flow is essentiully that 
whieh ie show in Figure 5. 

Looking st the end view of Figure 5, it is obvious 
that the eight strong jets of air impacting at the genter 
gust produce a substential axial flaw beth into and out of 
the plane of the paper. The axial flow which goes formará 
is deflected outward by tie dome and emerges in the rele- 
tively unobstructed areas between the rows of sir inlets. 
This air bas mixed with fuel and been ignited and now la 
"hot burning gases.” These gases pass in close proximity 


to the incosing امه‎ ۵ air and part is entrained by it, ree 
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sulting in extremely fast preheating of the incoming oome 
bustion air, This har a very beneficial effect on good 
ignition sand ssootb combustion. 

Sinee it is deeirable to have this "back-flow"* as 
strong an possibile, ell the primary sir, except a amall 
amount necessary for ocoling and cardon prevention, will be 
introduced through holes in the basket downstream froa the 
fuel nozzle, | 

The flow through the combustion chamber is parallel, 
1.a,, the aasa of air which unters the combustion chanker 
through any hole er slet in the burner basket does not in 
turn pass through any other hole or slot on its way to the 
turbine, end, likewise, the alr srioh travelo tirougk the 
ennular path in the tall come has not previously passed 
through any hole or slot in the basket. Since ibo flow is 
parallel, the friction pressure drop through any part of 
the burner sust equal that through any otber part. iris 
fact was used in designing the combuation eharber. 

The design of the primary zone wae cempleted ag fol- 
lows: 

First, the weicht flow through a ring of eight 1/2 
Inch primary holes located 4-1/€ inches from the nozzle 
was determined approximately by the formula: 

we 52776 

where we sir flow through the ring of holes in 

lb/sec 


Aig = area of the holes in ft? 
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70 density of air in lb/ft 
V s velocity of air through holes ian ft/sec and is 
tuken as equal to that in the ciecranos erea bee 
tween the liner and the burner basket 
Cg Z orifice coefficient 
Soe the orifice coefficient, was obtained from a 
graph (Ref. S) after cosputing Reynola's number aná the 
diameter ratio as follows: 


( رھ - 16۵ * وه 
4 


Where 44 ¥ clearanoe area betweon basket and burner 
shell at the loeation of the primary 
holes in fi? 

Dog = outside diameter of clearance area in ft 
Dia © inside diameter of clearance area in ft 


و و سے ۶ Ay‏ 


z .089 ft? = 12.8 7 


=| a, 


Where D, = diameter in ft of a pipe with sree 





equivalent to A; 


z «$960 ft * 4.04 in 





At this point, it ie assused tbat „25 Ih air/sec 
will have been used previously for cooling and carbon pre- 


vention. 
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Sa 


where vi s velocity in ft/sec throwgh clearance area 


wi e sir flow in clearance area in 1lb/nes 


a 320 ft/sec 





By Gutheriand’s formula; 


dl) 


where LU» viscosity of the air in poíses 


4/2 


Ar = 170.9 x 10°° ۵ 
Tp = 2730K 
K = 120 
Ta temperature of air 2 366,40 x 


170.9 x 1076 ( +t) (= ) 3/8 


= 2.145 x 107% poinss 


= 2.145 x 107* x 2.09 x 10^" siugs/ft-sec 


Then, KA س‎ qn? 
a 
where ER = Semolö's nusber 
g s gravitational constant = 522.2 fi/sec^ 
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where N, = number of holes in ring 
Dy * Giameter of each hole in ft 


A, * .785 x B (442) 


s .Oll ft? = 1.56 An? 


zu jas * .25 


Then, with these values of SÌ and De/U, and the 
chart of Reference 5, we find Do » Gl. 
Thus, 


“= 09365 x .OL11 x 320 x 43 
» .2 lb/sec 
zg 
P 


where û e air flor through ring of holes in ft^/sec 


4 ڃ‎ — < 2.07 ft^/sae 


The friction pressure drop wae then ealeulated by 


the following formula from “eferenes 6; 


= 


یت 











LT 
- » w U "apa ٩ "ap A 
zu D و 9 9" —- حتف‎ 
— اسح ا‎ Ve — — 


سے ٭ 
f | 1‏ 8 
"oM" NI Ns. -‏ 
“a mi‏ سی u bae qUWwa bee Wie air‏ 
2m‏ وہ حوججسور ts * E A‏ 


‘ye ohn ts. te os 
EL LLL 
LEE 
وت‎ st anini Ya مهو حم مس وو‎ 
A MA a n° 








م رورم م٨سم‏ وو سه سب حا اسلننهه ۶ 
00850 یی و UVP‏ 


-£6- 


^ [pef (9] 


where AP = friction pressure drop in lb/ft? 


3 18 
^* * BE Confer 7 (si | 
= 147 lb/ft? = 1.02 lb/in? 

Sinee this was considered to be a reasonable value 
for friction pressure drop, it wae selected as the value to 
be used in designing the combuation chamber. 

AS previously stated, it was assumed that „25 lb air/ 
sec had been used for cooling and carbon prevention. it 
was decided that the air to cool the dome should be intro- 
duced through a ring of eight 3/8-inch holes around the fuel 
nozzle. The aír jets through these holes impinre on slanted 
vanes which give them a swirling action and direct them onto 
the dome. The pressure drop equation was used to determine 
whether the eight 2/8-inch holes would give the required air 


flow. 





where û e air flow through the eight 3/8-ineh holes in 
ft/sec 
Ap = urea of the eight 3/8-ineh holes in fi* 


Ay > area of combustion chamber in v= 


Ag 2 8 Ti = .02615 ft? * ‚285 in? 


a ٢ 





yr 
pj” 
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e .89 ft" e 41.8 ing‏ * عفبة ۶ په 


| 


= 1.17 ft^/seo or .11 ۵ 





This value seems reasonable since a portion of thé 
25ء‎ lb air/sec mist enter through an annular slot loeated 
between the nose hemisphere and the walls of the basket. 
The desired flow through thie slot is then: 

o25 11ء ۔‎ 2 .14 l1b/sec or 1.45 0 

The pressure ¿drop equation was used to find the elot 
area required to obtain this flow Sines the tere 
y -~ (Ag/11)2 wi11 bo very nearly equal to 1, the pressure 
rop equation may be used to soive for Ap thus: 





where A9 £ slot area in ft* 
4» sir flow through the slot in ft°/see 


)- سے 51 


t .0076 rte" &. 1.09 in? 


A Bei 


The required thickness of the alot is Tound as 


follows: 
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where D e diaseter of burner basket in inches 
X e clearance in inches 
1.09 ء‎ se - (6 - we | 


x = «i16 in 
The slot thieknese will then be: 
de „il6 s .058 in = 1/16 in 
2 


In order to get the required air flow for the 
primary section, three ringe of eight l/2-inch holes were 
required in the burner basket in addition to the ring of 
eight 2/S-inch holes in the dome and the anmular slot. 


Desim of 2econdery „one 


The weight flow through the primary sone is 5 
lb/sec. This leaves 2.15 lb/sec to flow tirough the second- 
ary zone whieh Includes cooling louvres, the tail cone 
annulus, and the secondery holes. 


Louvres 

Air íntroduced through the Louvres is intended to 
cool the basket and te prevent the formation of carbon. The 
louvres are shaped to deflect the sir along the inner eure 
face of the liner, thus keeping the velocity high enough to 
eweep away any carbon which might form. Three rings of 


elght louvres each were conelderec adequate. 
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Sach louvre is 1/2 ineh long and 1/15 Inch deep. 
Thie gives an area of: 
Ae lx £g 3212 inf 
w$ 


The area of one ring of etght louvres is: 
À 2 .0912 x8 * „25 in? 
Kow, assuming an orifice coefficient of .61, the flow 


1 


through the leuvres ie as follows: 


(The term A = (Ag/4, (© has beon omitted since in all 


eases it le very nearly equal to i.) 


where دن‎ * ety 64.4 یں‎ 


2.332 ft°/sec or .022 1b/seo 
For three rings, the flow will be: 
$ x 022 5 ,096 ۵ 











The flow through the taíl cons snnulus is necessary 
to cool ihe inner liner whieh ie in direct contact with the 
hot gases. The file of alr need not be very large to ace 
Gompligh this. The 1/16-ineh clearance allowed is in ao- 
eercanee with current practice. 

Aeeording to Seferenee 7, the pressure ¿drop across 


the tail oone annulus io given by the following formula; 


= 
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Areg ( 
PERE 
where A? « frietion pressure drop in 1b/ft® = 
147 2 
J= density of air in lb/ft? s ,0965 lb/ft5 
f * friction factor 
h = length of tail cone in ft = 5/12 ٩ 
R= bydraulie radius in ft 
v = average velocity through annular space 
in ft/s00 
Referanss & gives tbe relation between f nd 
Reynold’ sa number, ER, NU, in turn, is dependent upon v. 
Thus, it can be seen that a cut and try caleulation is nec- 
essary to arrive at values of f an v which will satisfy 
the above equation. From Reference 7, 


ER e 
M 


where U= viscosity in sluge/ft-sec 
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sp aT (Dg < Dz) 
where D) = inside diameter of section at Agye in ft 


Ue = outeide diameter of section at Anyg In ft 


Dg = Dy + ni 
00711 2 935 | ر‎ + sigs)” : اڈ رہ‎ 





ft‏ 49. ٭ رٹ 
Bg 2 .44 ft‏ 


EP =i (.43 + .44) = 2.736 ft 


3 » „gold = .0026 ft 


Assuming v — 250 ft/sec: 
ER e ma 


45 x 10° 





= 17220 
and f < ۵ 
Solving for v to oheck assumption: 


v د‎ 242 ft/sec 





Assuming ¥ = 240 ft/sec and recalculating: 


HN = 173520 x BAD = 13860 
epo 


ana f > .0455 
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This checks the assumed value. Then, 


Q * have Y 
where Q = flow through tall eone annulus in ft^/sec 
& * ¿00711 x 240 
=5 1.707 ft/sec or .165 lb/seo 


secondary Loles 
Knowing the flow through tbe primary sone, the 
louvres, and the teil cene annulus, the weight flow through 
the secondary holes can be obtained. 
, 55 1lb/seo primary air 


. 165 lb/eee tail cone annulus 


-+926 1b/eeg louvres 
1.111 1b/ses total 


Then, the weight flow through the secondary holes is 
8.000 = 1,111 = 1,869 lb/sec 

Because of the high velocities in the combustion 
chanver, it vas assumed thet the air would flow through 
the secondary koles at some angle other than 9090. This 
angle was taken to be 45° throughout the secondary zone. 
Appendix 4 presente an experiment which was tho basia for 
this assumption, 

This enguleríty of flow necessitates toe introduce 
tion of an effectiveness coefficient, “a, in addition to 


the orifice coefficient, Co, When caleulating flow through 
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a secondary hole. CU, is defined as the sine of the angle 
of flow. 
C, = sin 45° 
= 707 
To find the flow through a ring of eight 5/8-ineh 


secondary holes: 


اج وڈیوٹای۸ لا U æ‏ 


where G = air flow through ring of holes in ft/sec 
Hy * number of holes in ring = 6 
= area of each hole 2 .00213 ft? 
Ge = effectiveness coefficient = .707 
Gy = orifice coefficient = .61 
& * gravitational constant = 32.2 ft/sec? 
A? 2 friction pressure drop = 147 1b/fV* 


f= tensity of air ۶ ۰09665 lb/ft? 


Q Z B % OORDE x .707 x .611 04,4 ( ) 
| 4 Ee 


- $.29 ft?/seo or .221 lb/sec 


Siellarly, \ for a ring of eight 11/16-1neh holes 
is 2.88 ft°/sec or .278 lb/ese. Thus, six rings of 11/16- 
inch holes and one ring of 8/@-inch helee will admit the 


1.859 lb/sec ۵٥ secondary air that remains. 


« جهن سدع iz mû DRNA‏ ما اغ له ۳ 
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cheek of ¿ir Lloras 


il  lb/aeo holes in hesispherc 
.14 " &nnelar slot 
$ x,.2e* ۰0 ۴ three rings of 1/2-inch koles 
6 x .£7TB ^ 1,67 " six ringe of 11/16-inch holes 
‚Bei 8 one ring of £/8-inehn holes 
.165  " taii cone annulus 


. 2096 * louvres 





2.002 Ib/sec total air flow check 


ieestion of Holes 


ihe primary air should be introduced far enough 
downstresas to insure the developrent of a strony combustion 
eddy. This is about three-fourths to cone diameter from the 
fuel nozzle. 

“he secondary air should be first introduced at a 
iow rate and then at an increasingly greater rate down» 
stream. inis is to prevent chilling of tho Tlase front and 
the resulting etoppege of the ecombuetion process, Ly intro- 
ducing the first part of the secondary air alx to sight 
inchea from the fuel nozzle, encugh tise is allvceed for the 
combustion to be well along towerds comrletion. 

A convenient metrod for locating the primary and 
secondary holes to satisfy these requirements is shown in 


Figure 6 in which total eres of the openings into the basket 
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is plotted ve. distance from the fuel nozzle. Tle curve 
shown in an arc of a circle and is defined as follows: 


l. The center of the circle lies on the vertical 
line through the zero distanee point. 

2, One point ou the are ia the area of the openings 
into the burner basket ahead of the fuel nozzle, 
1.6., the area of the eight 3/8-inch holes. 

This area io plotted at the point of sero dis 
Lance. 

3. The other point of the arc ia the total area of 
all the openings, slotas, and louvres in the 
burner basket, This area ia plotted at the be- 
tance at which the leat row of secondary holes 
is desired. 

Now, by taking the areas of the rings of holes and fitting 
them to this curve, a satiefactory distribution will auto- 
watieally follow. 

This method, used judiciously, should take mech of 
the eut and try out of burner design. 

The cooling louvres can non be placed in spots 0 
the boundary layer would otherwise thbicken up and let carbon 
deposits fors. 

Figure 7 shows the final configuration of tbe combus- 
tion chember. 
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Vil. SALOULATION OF PAEFORBAKCS 





Since the flow through the eombustlon cheaber is 
parallel, the pressure drop through any one part ie equal 
to the pressure drop through the entire turner. The frie- 
tlon pressure drop, as calculated in the preceding section, 
is: 

AP a 147 10/1t% or 1.02 1b/in? 


havíng the friction pressure loss in hand, lt is now 
necessary to determine the ¡reesure losa due to combustion 
in order to have the total pressure loss througl the burner. 

Tha assumption is now međe that the combustion tekes 
place in a burner of constant eross-secticnal area and that 
no mass is added by the fuel. 

in a combustion process, the impulse-eomentum law 
hoide. This law states that "ispulee ie equal to the change 
in momentum." Britten mathematically, this la; 

Ft € A (v? 
where ۷ * pounds force 


vw tire in 6 


E e 
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pounds mass 


v * velocity in ft/sec 
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Kow, since sasa is assumed constanti 
Ft = ۷ 
F = oy 
t 


Fe gly, - v.) 
E > 4 


where we weight flow in 1b/sec 
g = retio of absolute to gravitational units 
of mass 
Pressure is fores per unit ares, and since the burner 


is of constant area, 
hPa 7 عا يواه‎ vs - v4) 


where P,, * entering statio pressure in lb/ft? 
Pgg * exit statio pressure in ۶ 
A = burner ares in fi* 

in the burner at hand, the known conditions are: en- 
tering total pressure, ,'..; entering velocity, v4; entering 
total temperature, Tg}; and exit total temperatura, Tope 
in order to obtain pressure drop due to combustion, it is 
necessary to know the theoretical exit total pressure, 
"ste 

From adiabatic considerations, it ie known that: 
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Pas = / اع‎ 
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0 (a) 


~ines P/p = RT 

where ٢ = pressure in رو‎ 
Jf a density in ئم مود‎ 
Rz gas constant in ft/9n 
T $ temperature in 973 


and G 3 م5‎ 
where 4 = volume flow in ft^/sec 
then Pg * RT 

y 





he Se 


Also, wo & Pe Ye 
Tae وو‎ 


£ و 
Se, Pog a ۱۲ | Pa)‏ 
"at an ee‏ 


To find statio temperatures: 
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Tor = 148 " ہی‎ 
Then, Tas * T4, = 
HT 


Similarly, T, is obtained. 
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Substituting the following values in the formula derived for 


Va: 
V4 s lOO ft/seo Bir = 4 


¥ 2 1.4 Hat" = . 0062 


ye1 & 4 QU = 1960 = 2.97 
زو‎ 2 ۶ at 


wa find, 








Vs = 302 ft/sec 


Substituting the following values in the formulas derived 
for Tag and Tag: 


V4 = 100 ft/sec vg = 202 fi/seo 
6 ۶ 32.2 ft/sec® Ye 1.4 
Tae = 6600 R Tg * 1960? A 


R = 83.3 ٢/8 


we find, 


end 





* 1950.4^ R 
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Bubstituting the following values in the formula derived 


for iss: 
Pag = 1.6 ata y = 1.4 
va = 100 ft/sec Vs = 302 ft/sec 
Tay = 6600 R Tg, * 19609 R 
Tag * 659.£9 R To, 5 1952.49 R 
we find, 





Then, the momentum pressure drop is; 


AP 3 Par = ot 


= 1.6 = 1.02 


08 atm = 1.175 1b/in8 


Total Pressure rop 


The total pressure drop is the sue of the friction 
pressure rop and the mouentua pressure drop. 
Frietion creseure drop = 1.02 lb/in* 
Komentum pressure drop 2 1.175 lb/in^ 


bt 


Tetal pressure drop $ 2.199 lb/inf 
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For ease in comparing burners of various sizes aud 
capacities, the parameterAr/i,g, is used. This value 
vauslly lies between four rer cont and seven oer cent. 


ot z — — e .0934 or 9.34% 
t مل‎ ۰ 


This value is a little high tut is explained by the very 
low value of P,,. 

Reference 2 states that the total pressure drop 
should be in the neighborhood of 20 to SO times the value 
of the velocity head q at point 4, 


is LE 


z (1003 
64.4 





* 15 lb/ftÉ or .104 1b/in? 


21.1 سے 0 


Thus it ia seen that the pressure drop obtained is in 


accord with Neference ٠ 


Gopbystion 6 ۲۰۸ 7 


in en unpublished paper, Xr. ©. R, Hawthorne, in 
collaboration with Professor +. ہت‎ Hettel of the 


Sasnachusetts institute of Technology, presented an empire 
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1esl formula for combustion efficiency. “his foruuia was 
derived from ourves of a series of combustion chambers show- 
ing the correlation between combustion efficiency, heat in- 
put, and diameter of chauber, The formula is as follows: 


rene e 


where A = combustion efficiency 
€ € natural lsg base 9 2,718 
1 = combustion intensity in Stu/breft^-atm 
D s diameter of cosbuation chamber in ft 





6 


s (2,715)! 955 
e: د‎ 6 


٢٠ ج‎ 1 - 5 


e ¿PO9S or 70,95. 


This is a low combustion efficiency. However, this can be 
attributed to the fact that the very low value تا٤‎ ٢ےہ‎ nac- 
essitates a very high oosbuation intensity, The effect of 
combustion intensity can be shown by exubetituting a ine 
tensity of 4 x 109 Btu/hr-ft?-atm in the empirical formula. 
In thie cass, the efficiency jumps to 92%, In order to ob- 
tein a evabustion intensity of 4 x 108, وي۶‎ 81085 equal 3.2 
atmospheres. Aven this vulce of ¿y ie considered quite 


low for modern turbo- jet engines. 
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Vili. CONZLUSIOQRS 


The combustion chamber resulting from this desig 
shows a total pressure drop of 2.195 lb/in?. G. Geoffrey 
Smith in Reference 9 states that several standard Lurbo» 
det engines have combustion chambers which operate with a 
total pressure drop of about £ 1b/in®. From this, it would 
seen that the pressure drop fer the designed combustion 
chamber was not exocesive, 

The British use pressure drop divided by reference 
velocity head (AP/g) as & parameter for comparing different 
combustion chembers. Values of this parameter from 20 to 
ZO are coneidered reasonable. Vere again, the designed com~ 
bustion chamber conforms, beving aAP/q of Ri.l. 

Another parameter is pressure drep divided by total 
inlet pressure (AT/P4). lost values of this parameter 
quoted for standard combustion chambers varied from three 
te six per cent. However, these values were invariably for 
total inlet pressures cf 3.5 to 4.6 atmospheres. A teat 
of a Dekavilland ما‎ combuetion chamber, operating at an 
inlet pressure of 1.8 atwospheree (a walue very near the 
design point of 1.6 atmospheres}, showed a AP/P ¿y of 18%. 
Thus, it would appear that the value of 9,34% ۵ 
for the designed chamber ia acceptable, 

Mduwwtherne's empiríosl forsul& for combustion effi- 


eieney was given with no indication as to ites valld rango. 
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it may be that using this formula under a condition of low 
inlet pressure is not justified and that actual teste of 

the ehamber would prove the value of 70.98% obtained from 

it to be much toe low a value of combustion efficiency. 

This would appear to be the ease, judging by the results 
obtained in the aforementioned test of the Sellavilland char- 
ber. Operating under conditions very close te the design 
point used in thie investigation, an effisieney of 94T was 
obtained. 

It is regrettable that time did net permit the build- 
ing md testing of the design. only with the test resulta 
in hand can it be said positively that the design is good 
or bad. However, by comperieon with proved designs, it 
would appear to be a satisfactory combustion chamber. 
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APFERDIX A 
OBSERVATION OF FLOU THHOUOE GECONDARY BULLS 
OF TUPRBOC-JET 209183981713 27 


Zunsary 


in order to cbserve the engularity of flow through 
the seconóary holés of a burner basket, a test box vas cone 
structed wlth entrance, exit, and hole areae similar to 
those in the combustion ehasber of a ¿33 turbo-jet engine. 
The j-33 chamber was selected since it was found to be the 
most nearly similar to tbe burner designed in this investi- 
gation. 

Tufts were suspended from the centers of the holes, 
and the angle of flow was taken as the engle measured pe- 
tween the tufts ang the plate containing the holes during 
passage of an air stream through the test box. 

Àm attempt to read the flow angle by introducing 
omoke into the air stream was a feilure Que to the bigh 
velocity and the large amount of turbulence present, 

it was concluded that, while the angle of flow 
varied with cistanes from the fuel nozeis, an average ongile 
of 45% could be used in determining the ares of the second- 


ary holes. 


inkrocustion 


lf the flow through a hole ise at an angle ether than 


90^, the area allowing fluid te pass will not be the ob- 
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served area of the hole but the projection of the area on 
the plane perpendicular to the flow, The formula for flow 
through an orifico is derived for a flow perpendicular to 
the orifice. “hen the flew is not perpendicular to the 
orifice, the projected erea must be used in order for the 
orifice formula to be valid. 

The projected area is 

à * Ap sin © 
where A * projected arez 


Ay g area of hole 


OI angle of flow 
in this paper, sin Gla called Cy, effectiveness co- 
efficient. 


¿quipaent 


Figures 8 end 9 show general viere of the equipment 
used in the experiment. in those figures, the parts are 
numbered as follows: 

(1) bight-ineh pipe carrying the flow from the 

rotary compressor 1 06160 in the basement. 

(2) Bater manometer connected to pitet-static tube 

in the pipe. 

(3) Compressed air line. 

(4) Smoke generator. 

(5) Test box. 


Figure 1© shows a close-up of the smoke gensrator, 
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Figure 10. 
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Close-up View of Smoke Generator, 
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Titenuía tetra-chloride (TiCl,) was placed in the gallon 
can to produae smoke. The amount of smoke was regulated 
by & valve in the high pressure air line. 

Figure ll, & elose-up of the test box, showg the 
window and the Lights used in teking pioturee cf the flow. 
The test box itself wag designed to slieminte oonditions in 
لقتل م‎ burner. itis length was the same aa the length of 
the J-32 burner basket, The plate sith the holes in it 
was placed in auch a way that it divided ihe inlet of the 
box into two roas: one area equal to the clearance ares 
between the cuter shell and the burner basket and the 
other area equal to the ares of the holes around the fuel 
nozzle plus the ares of thé annular $5506 betegón the nose 
hemisphere and the burner basket. in thie mener, approxi- 
mateiy correct proportions of the flow; were intredused on 
sach aide of the plate, At the exit to the teat box, the 
plate again divided the flow. The eseall erga at the exit 
wes هعقوت‎ equal to the area between the inner and outer 
walls of tbe tall cone. The plate was sade with the same 
size and meber of holes as the burner basket. 

Fine wire was glued scroes representative holes in 
the plate and silk thread tied loosely to it. These silk 
tufts alined Ihsmselves with the flow, making it possible 


to measure the 7low angie. 


The eempresscer wae started, and, when the flow had 
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eteadied, readings were taken of the temperature ait of the 
pressure measured by the pitot-etatic manometer, Then the 
engle of the tufts was recorded. This was dons for three 
different flows. (Photographic records were taken of 811 
rente 

The smoke generator was operated as follows: About 
5 ec of T1014, were put in the gallon can before the run 
ves started. ‘hen smoke was desired, the valve in the high 
pressure sir line wea opened. Varying the amount of high 
preseure cir very effectively regulated the amount of smoke 
obtained. This arrangement gave a very satiafactory supply 
of enoke under good control. Unfortunately, it was impor- 
aible to detect the angle of flew through the holes by this 
means dus to the high veloeities ena large amount of ter- 
bulence, 


z290lts 


able Il and ligure 12 show the resuite cof the 
testa. rhotegrashs taxen during the rune are sbown in 
Figures 12, 14, and 15, From the results it eam be seen 
that the flow angle varies from 60° te 55° as the distance 
downstream increases. ‘there is little variation with 
change in velocity. The averege flow angie over the length 


of the secondary sous wae appreximately 48°, 
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zonclusiong 
3inoe the average flor angle ia 45°, it la apparent 
that an effectiveness eoefficient is necessary for caloula- 
ting the flow through the eecondary beles, In this analyte 
{eal design, it seemed reasonable to uee the average value 
of flow angle of 45° over the entire length of the second. 
ary zone, Thus, the effectiveness coefficient le 
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Table 1i. Flow Angle Through Weles for 
Various *elght Flows. 














-iLop Anile - Zeursen 

Hele No," ELMS 1108 > nbs ree . 

1.18 1.92 1.45 
i 53 62 60 
8 45 52 49 
3 45 46 48 
4 45 45 45 
5 42 Ag 42 
6 40 40 4o 
7 40 a7 zB 
8 38 25 ty 
9 sr $5 28 
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u Hole masber 1 isa the first 5/&-inch hole 
in the toet plete., It is loested four 
inohes from the entranes to the test box, 
The sucesssivo holes ere one ineb apart. 
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sample valeulationg 
To find the weight flow through the test box when | 
conditione in the pipe are: 
Ah pitot-statio manometer reeding * 1/8" No0 = 2.0 lb/ft? 
Temperature s 1209 PF or 5909 3 
Wr Pa 
where w ® weight flew in 1b/see 


^s éensity in lb/ft 
A * area of the eight-i1neb pipe 1n ftf 


Ve welogity ln ft/sec 


Pre NGG a GEI « .OCT5 1t/ft^ 
590 


AS ,T85 » كش‎ +56 fe? 
144 





> 49.9 ft/sec 


Then, wa 0675 x 255 x 49. 9 


2 1,18 12/0085 
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APFTERDIX B 
SYSSCLS 


| maxiqum area of combustion shaaber 


clearance area between basket and outer liner 
entrance area into basxet 

speed of sound 

effectiveness soofficiont 

orifice coefficient 

average specific beat at sonstant pressure 
&peclfie heat at gonegtant preagure at inliet 


- epeeifle heat at constant preseure at exit 


diameter of bagxet 


| Glameter of pipe with area equivalent to A, 


Giameter of each hole in ring 
maxieum Alamater of combustion chamber 


inside clameter of olearasos area 
outside diemster of clearanee area 
miner diameter of tali cone 

frietion factor 

gravitational constant 

length of tall cone 

Gembustion intensity 

length from nozzle to turbine entrance 
length from nogzle to end of basket 
iseugth of cylinder or basket 
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lower heating value of 1 


entranee Fach number 


^ exit Bach number 


nueber of combuetion chambers 
number of holee im ring around basket 
Reynolds number 

pressure 

atrospheria pressure at standard conditions 
entering atatio pregeure 

exit statio pressure 

pressure drop 

volume air flow 

heat input 

gls constant 

temperature at stenderd conditions 
entrance static temperature 

exit ziatia temperature 

totai inlet temperatura 

total exit temperature 

velume avallabie for combustion 
volume sí cylinder or basket 
volume of hemisphere or done 
volume of tail eone 

velocity 


reference velocity 
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entrance velocity 

exit velocity 

weight flow of air 

weight flow of fuel 

ratio of specific reste 

combustion efficiency 

visossity of sir 

reference viscosity of air 

density of air 

density of air at standard eonditione 
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